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ABSTRACT

Zinc oxide particle growth from homogenous solutions prepared with isopropyl alcohol was monitored
using in situ UV-vis spectroscopy, and results show that the rate of ZnO particle growth and the final
ZnO nanoparticle size depend strongly upon the concentrations of precursors and the identity of
surfactants used. In addition, particle size versus time data was fit using the coarsening model and the
simultaneous oriented aggregation and coarsening model in order to evaluate the effect of changing
synthetic variables on the mechanism of nanoparticle growth. In general, an increase in growth by
oriented aggregation with increasing precursor concentrations was observed, a result that was
consistent with results from high-resolution transmission electron microscopy (HRTEM) characteriza-
tion. The increase in precursor concentrations resulted in an increase in the number concentration of
ZnO nanoparticles, which resulted in a higher probability of particle-particle interactions and hence
increased growth by oriented aggregation. Additionally, particle growth in solutions of trifluoro-,
trichloro-, and tribromoacetate surfactants was studied, and growth by oriented aggregation followed
the trend expected based on the number concentration of zinc oxide particles. Growth with

trifluoroacetate was an exception, with growth by oriented aggregation substantially suppressed.

© 2008 Elsevier Inc. All rights reserved.

1. Introduction

Nanosized ZnO has been suggested for use in many applica-
tions such as solar cells [1], sensors [2], and light-emitting diodes
[3]. Solution phase synthesis of ZnO provides a low temperature,
economical way to produce various ZnO nanostructures for
incorporation into devices. Previous work has shown that ZnO
particle size is strongly influenced by experimental conditions
such as temperature [4], water concentration [5], anion [6], and
solvent [7]. Understanding how these factors can be manipulated
to control particle size, morphology, and surface composition is
important for applying nanoscale ZnO in new and/or improved
devices.

ZnO particle growth from homogenous solution proceeds by
two major steps. First ZnO nanoparticles nucleate and grow until
dissolved species drop to their saturation concentrations. Then,
nanoparticle growth proceeds by two primary mechanisms,
coarsening and aggregation. Coarsening involves growth of larger,
more stable particles at the expense of smaller, less stable
particles. Aggregation is growth by combination of particles into
larger, secondary particles. Oriented aggregation (OA) is a special
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case of aggregation in which the secondary particles are
composed of oriented primary building block particles [8,9,10].
Previously, coarsening and OA have been shown to operate
simultaneously during particle growth from initially homogenous
solvents [11,12] and initially homogenous solutions [13,14].
Improved understanding of the impact of solution conditions
(i.e., surfactant and precursor concentrations) on particle growth
is expected to enable development of methods to enhance or
inhibit one growth mechanism or another [15]. An example of
using OA for producing a specialized nanostructure was shown by
Adachi et al. They determined that the efficiency of dye-sensitized
solar cells was improved by exploiting the OA growth mechanism
to synthesize single-crystal-like anatase nanowires, which lead to
a high rate of electron transfer through the anatase nanonetwork
[16]. Controlling OA also offers the potential to make single
crystals with morphologies that defy symmetry, have relatively
large size but also high surface area, and provide a mechanism for
controllable defect concentrations.

In addition to understanding growth, controlling the composi-
tion of the nanoparticle surface is important for implementing
nanoscale ZnO in new or improved devices. In particular, dye-
sensitized solar cells can be constructed using nanosized ZnO
particles with dye molecules adsorbed to their surfaces. Solar cells
using this technology are potentially more efficient and cost
effective than current solar cells designs [17]. Particles are usually
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synthesized and then subsequently sensitized with dye molecules
such as the ruthenium complex, cis-bis (4,4'-dicarboxy-2,2’-
bipyridine)-bis-(isothiocyanato)-ruthenium(Il). The ability of the
synthesized particles to become sensitized will depend upon their
surface composition, which can be dependent upon surfactants
used during synthesis. Understanding how the surfactant used in
synthesis will impact the resulting ZnO nanostructure and the
ability of the resulting nanostructure to become sensitized is
important for improving dye-sensitized solar cell devices, and this
is the focus of ongoing work.

2. Experimental
2.1. Materials

Reagents used in this study were zinc perchlorate hexahydrate
(17-18% Zn complexometric), zinc acetate dihydrate (99.999%),
sodium hydroxide (99%), isopropyl alcohol (IPA; 99.9%), tribro-
moacetic acid (TBAA; 99%), trichloroacetic acid (TCAA; 99.0%),
trifluoroacetic acid (TFAA; 98%), and glacial acetic acid (AA; 99%).
All chemicals were purchased from Aldrich Chemical Co. and used
as received. All glassware used in reagent preparation was soaked
overnight in 4M nitric acid and rinsed with purified water,
followed by a rinse with IPA. The quartz cuvettes used for in situ
growth reactions were soaked for 24 h in concentrated oxalic acid,
rinsed with milliQ water (18 MQ cm, Millipore Corporation), and
finally rinsed with IPA.

2.2. Reagent preparation

All solutions were prepared by dissolution of solids or
combination of liquids in IPA at room temperature. In the case
of the sodium hydroxide solution, it was heated to 65 °C for 3 h to
speed dissolution. Surfactant solutions were neutralized by
combining equimolar sodium hydroxide/IPA and surfactant/IPA
solutions. Neutralization was performed in order to ensure careful
control of Zn:OH. The total water content in the reactions was
kept constant at approximately 0.040M when using zinc
perchlorate and 0.036 M when using zinc acetate. This accounts
for water from the hydrated zinc precursor, water from neutraliz-
ing surfactants, and water found in isopropyl alcohol.

2.3. Particle synthesis: increasing zinc concentration

ZnO nanoparticles were synthesized from homogenous solu-
tions of precursors using a modified version of the method from
Bahnemann et al. [18,19]. Growth was monitored by in situ UV-vis
spectroscopy. For these experiments, the concentrations of zinc
acetate used were 0.5, 0.6, 0.75, 1.25, 1.5, 1.75, and 2.0 mM. The
[Zn?*]:]OH] concentration ratio was kept constant at 0.625, and
the reaction temperature used was 65°C for all variable
concentration reactions. Samples involving increased reagent
concentrations are referred to by the concentration of zinc
precursor used.

The balanced chemical equation for the nucleation reaction
associated with this synthesis can be written as

Zn(C2Hs0,), + 2NaOH 224 ZnO(s) + H,0 + 2NaCyH30,. 1)

The solution of sodium hydroxide in IPA was transferred to a
quartz cuvette and brought to the desired reaction temperature.
The reaction was initiated by injection of the zinc acetate solution
into the cuvette, and the solution was vigorously stirred at all
times using a Teflon-coated magnetic stir bar.

2.4. Particle synthesis using trihalo acetic acid surfactants

This synthesis was adapted from Bahnemann et al. [18,19] The
balanced chemical equation for the nucleation reaction can be
written as

Zn(Cl04), + 2NaOH & Zn0(s) + H,0 + 2NaClO,. (2)

Appropriate volumes of the sodium hydroxide and surfactant
solutions (in IPA) were transferred to a quartz cuvette and brought
to the desired reaction temperature using the Peltier temperature
controller. The reaction was initiated by injection of 1 mM zinc
perchlorate solution into the cuvette, and the solution was
vigorously stirred at all times using a Teflon-coated magnetic stir
bar.

Four different surfactants were used to study the effects of
surfactant identity on particle growth: acetic acid, trifluoroacetic
acid, trichloroacetic acid, and tribromoacetic acid. The concentra-
tion of surfactant was kept constant at 0.35 mM. This concentra-
tion corresponds to approximately two monolayers of surface
coverage on a 4 nm particle, assuming all Zn?* reacted to form ZnO
and using an estimate of four surface sites per square nanometer.

2.5. In situ UV-vis spectroscopy and particle size characterization

Particle growth was monitored in situ using an Agilent 8453
UV-vis spectrometer equipped with a Peltier temperature con-
troller and magnetic stirrer. Each particle growth experiment was
performed in a quartz cuvette fitted with a Teflon stopper to
prevent solvent evaporation. In addition, atmospheric moisture
affects reproducibility as water accumulates in stock solutions
and reaction mixtures and causes variability in growth. Thus,
solution preparation and particle growth were performed in a
humidity-controlled environment, with relative humidity main-
tained at less than 10%. Absorbance spectra were acquired
between 190 and 1200nm every minute for the first 15 min,
every 5 min for the next 45 min, and every 15 min through 6 h.

The average band gap for each sample was determined by
finding the inflection point of the absorption edge using the
second derivative of each UV-vis spectrum. The effective mass
model was employed to calculate the average particle size from
the average band gap using ¢ = 8.5, m. = 0.26, m, = 0.59, and
ERulk — 3.2 eV. Owing to the relatively small effective masses for
ZnO, quantum size effects are expected to occur for particles sizes
up to ~8 nm [20,21]. The tight binding model was also employed
to calculate the average particle size from the average band gap in
order to compare the two models [22]. Average experimental sizes
were calculated using a minimum of three trials per specified
condition, and the experimental error discussed is the experi-
mental uncertainty determined at the 95% confidence interval for
the sample. The average experimental uncertainty in the average
band gap for the concentration study is 0.007eV, which
corresponds to 0.05nm as calculated using the effective mass
model. The average experimental uncertainty in the average band
gap for the surfactant study is 0.008 eV, which corresponds to
0.09nm as calculated using the effective mass model. The
experimental uncertainty reflects the high reproducibility of the
experiments performed and not the error associated with
employing the effective mass and the tight binding models for
determining average particle size.

2.6. Characterization by high-resolution transmission electron
microscopy (HRTEM)

Samples were prepared for HRTEM by dipping a 3 mm copper
HRTEM grid coated with holey carbon film (SPI Supplies) into the



1602 A.S. Ratkovich, R. Lee Penn / Journal of Solid State Chemistry 181 (2008) 1600-1608

reaction mixture at the appropriate time. The resulting grid was
then allowed to air dry in the humidity-controlled environment.
Samples were examined using an FEI Tecnai F30 FEGTEM. Images
were collected using a charge-coupled device (CCD) camera and
analyzed using Gatan Digital Micrograph software.

3. Results and discussion
3.1. Growth as a function of relative zinc concentration

It has been previously shown that coarsening kinetics are
independent of the zinc acetate concentration between 0.5 and
1.25mM for the Zn:OH concentration ratio of 0.625 [23]. In
contrast, results obtained via in situ UV-vis spectroscopy to
acquire reproducible data at the early stages particle growth
shows that ZnO growth kinetics are strongly dependent upon zinc
acetate concentration using a Zn:OH concentration ratio of 0.625
(Figs. 1 and 2). Here, we employ both the effective mass model
and the tight binding model to calculate average particle size from
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Fig. 1. In situ UV-vis spectra for 0.5 (A) and 2.0 (B) mM Zn(acetate), as a function
of time after initiation of the reaction. Reactions were performed at 65 °C and using
0.625 Zn:OH.

the average band gap determined from the UV-vis spectra. Recent
work has shown that the effective mass model overestimates
particle size and that the tight binding model may be more
suitable for calculating particle size [24]. Both models were
included here for facile comparison to previously reported results
[11]. Final particle sizes, particle concentration, and growth rate
constants show systematic trends as the reagent concentrations,
hydroxide and zinc acetate, are changed while maintaining their
molar ratios, and, while the sizes determined do vary, the trends
observed are consistent between models.

Fig. 2 shows particle size, as determined by in situ UV-vis
spectroscopy, versus time for experiments using a zinc acetate
concentration ranging from 0.5 to 2.0mM with a Zn:OH
concentration ratio 0.625. The inset shows the particle size at
5min versus zinc acetate concentration. In addition, the final
particle size also increases with zinc acetate concentration
although the spread is rather narrow, only ~0.7 nm variation
when comparing final sizes from experiments using 0.75-2.0 mM
zinc acetate. Also, as the reagent concentrations are increased the
ZnO particle concentration increases, which is as expected and
can be seen by the difference in the maximum absorbance of
Fig. 1A ([Zn®"] = 0.5) and Fig. 1B ([Zn?*] = 2.0). Finally, particle
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Fig. 2. Particle size versus time as a function of increasing Zn(acetate),
concentration (listed in the legend using units of nM Zn?*). Particle sizes were
calculated using the (A) effective mass model and (B) tight binding model. The
inset on each graph shows the particle size at 5min as a function of initial zinc
concentration. Reactions were performed at 65 °C using a 0.625 Zn:OH.
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Table 1
Particle sizes and estimates of OA% as determine from calibrated HRTEM images
(ca. 200 particles per sample)

Zinc Time UV-vis HRTEM Min. Max.
acetate (min) particle particle estimate estimate
(mM) size EMM/  size (nm) OA% OA%
TB (nm)

0.5 5 3.3/2.2 33 0.5 0.6
0.5 10 34/2.4 33 0.6 0.9
0.5 25 3.6/2.5 3.5 0.5 0.7
0.5 120 4.1/2.9 4.0 0.6 0.8
2.0 5 4.0/2.8 3.8 11.0 15.5
2.0 10 4.2/3.0 4.1 10.8 16.7
2.0 25 4.4(3.2 43 11.7 15.7
2.0 120 4.8/3.5 4.7 10.6 141

sizes determined using UV-vis spectroscopy agree well with
particle sizes determined from HRTEM, as can be seen in Table 1.
The calculations of particle size using either the effective mass or
tight binding models are sensitive to the value used for the bulk
band gap of zinc oxide (3.2-3.4eV [25,26]); thus, it is important
that a complementary technique is used to verify that the particle
sizes calculated are reasonable.

The rate constant for growth by coarsening, k., was determined
as a function of increasing reagent concentration fitting experi-
mental data using the classic coarsening model (Eq. (3)) [27]. This
model describes growth solely by coarsening, and Dy is the particle
diameter at time t, Dg is the particle diameter at time zero, t is
time, k. is the growth rate

D¢ = Do + ket'/" (3)

constant, and n is a parameter that describes the coarsening
mechanism for the system. The parameter n = 3 results in the
best fits, indicating that the primary mechanism for growth by
coarsening is diffusion limited coarsening, which is consistent
with Pesika et al. [17] and Talapin et al. [28]. The growth rate
constant, k., as determined using both the effective mass and the
tight binding models, increases as the zinc concentration
increases (Fig. 3). The largest increase is observed between 0.5
and 0.75mM zinc acetate, after which the increase is less
pronounced. This increase is likely due to the change in the rate
of saturation as a function of zinc concentration. Saturation occurs
when the absorbance onset reaches a constant maximum some
point after the reaction is initiated. The slowest saturation is
observed at the 0.5 mM concentration, with saturation occurring
between 5 and 6 min. Saturation occurs between 1 and 2 min for
the 0.6-0.75 mM samples and between the 0 and 1 min sample for
the 1.0-1.5 mM concentrations. Saturation occurs prior to acquisi-
tion of the first UV-vis spectrum (the “Omin sample”, which is
collected 7-10s after injection) for the 1.75 and 2.0mM
concentrations. Slow saturation results in slower growth by
coarsening, and fast saturation results in faster growth by
coarsening.

The growth rate associated with OA increases as a function of
increasing zinc acetate concentration. Fig. 4 shows representative
HRTEM images of ZnO nanoparticles produced using low (0.5 mM
Zn>*; Figs. 4A and B) and high (2 mM Zn?*; Figs. 4C and D) reagent
concentrations. Lattice fringes and paticles sizes were measured
from the calibrated HRTEM images, and in all cases, the lattice
fringe spacings were consistent with zinc oxide with the wurtzite
structure (a = 3.25A, ¢ = 5.21). In general, most ZnO nanocrystals
appeared to be spherically shaped. However, more particles
with morphologies consistent with OA were observed with
increasing reagent concentration, and these results are summar-
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Fig. 3. Coarsening growth rate constant, k., as a function of increasing zinc acetate
concentration.

ized in Table 1. Minimum estimates for the percentage of particles
with morphologies consistent with OA were determined by
counting the number of obvious oriented aggregates with visible
lattice fringes divided by the total number of particles in the
HRTEM image (with or without lattice fringes). Maximum
estimates were determined by dividing the total number of
oriented aggregates with visible lattice fringes by the total
number of particles with visible lattice fringes.

Growth by OA was also evaluated by fitting the growth data
using the simultaneous coarsening and OA model proposed by
Huang et al. (Eq. (4)) [9]. Here D is the

Do(\a/?kﬂ' + 1) 1/n
Di=—p ) Tkt / (4)
particle diameter at time t, Do the diameter at time zero, k; the
rate constant for oriented aggregation, k, the rate constant for
simultaneous coarsening and OA, n the parameter describing the
mechanism limiting particle growth, and t time. In general, this
model predicts that growth is initially dominated by OA resulting
in very fast growth early in the reaction. As the reaction proceeds,
growth by coarsening becomes the more dominant mechanism.
The growth rate constants, k; and k,, were determined using both
the effective mass and tight binding models and are shown in
Fig. 5 versus zinc precursor concentration. Both k; and k; increase
as a function of the initial zinc concentration. The rate constant for
growth by simultaneous coarsening and OA, k;, shows similar
behavior when compared with rate constant for growth by
coarsening, k. (discussed above). The change in k, can be
explained in a similar manner as with k. because k, describes
growth dominated by coarsening. Both, the growth rate constant
for OA, ky, and the ZnO particle number concentration at 5 min
([#Zn0]s min) increase as a function of zinc concentration, as
shown in Fig. 5A. An effective ZnO particle concentration can be
calculated from the maximum absorbance and an extinction
coefficient of 605L/molcm [23] and then used to calculate
[#Zn0]s min, by using the average ZnO particle size at 5 min and
an assumption of spherical morphology. The increase in k; as a
function of [#ZnO]smi, is consistent with an increase in the
probability of particle-particle interactions. With particle-parti-
cle interactions dramatically increased, OA% and thus k; are both
expected to increase, as observed.
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Fig. 4. Representative HRTEM images for ZnO particles using 0.5 mM zinc acetate at 5 min (A) and 120 min (B) and 2.0 mM zinc acetate at 10 min (C) and 120 min (D). The
average particle sizes obtained from counting 150 particles for each sample are shown in Table 1. Examples of primary nanocrystals and oriented aggregates are outlined in
A and B, and examples of oriented aggregates are outlined in C and D. Lattice fringes in calibrated HRTEM images were measured and were consistent with zinc oxide with

the wurtzite structure (a = 3.25A, ¢ = 5.21). Close up of an oriented aggregate (E).

3.2. Particle growth with added surfactant

Coarsening and OA growth kinetics for ZnO nanoparticle
growth from solutions containing the surfactants acetate, tri-
fluoroacetate, trichloroacetate, and tribromoacetate were evalu-
ated using the two growth models described above. Results
demonstrate that the particle growth depends strongly upon the
identity and concentration surfactant employed (Fig. 6). Particle
sizes were calculated using the effective mass and tight binding
models, and the rate constants for growth determined showed
some variation in magnitude with the overall trends remaining
consistent. The rate constant for coarsening, k., was determined
for each experiment using the classic coarsening model (Eq. (1))
as described above. Fig. 7 shows the rate constant for coarsening,
ke, plotted versus the increasing size of the halogen. The resulting
trends show that the larger the halogen on the surfactant, the
smaller the growth rate constant, k. (Fig. 7) and the smaller the
final particle size (Fig. 6).

The growth rate constants, k; and k, were also determined
for each of the experiments using the OA and coarsening model
(Fig. 8). As expected, the growth rate constant, k», shows the same
trend as k. and can be explained similarly (Fig. 8B). In contrast, the
growth rate constant for oriented aggregation, k;, decreases as the
size of the halogen decreases (Fig. 8A). In addition, the analysis of
the HRTEM images show decreased OA as the size of the halogen
decreases (Table 2). At first glance, this data can be interpreted to
mean that the trhihaloacetates suppress growth by OA. However,
the variation in growth by OA% follows the trend expected for
increasing ZnO number concentration. Fig. 9 shows the log of k;
versus the log of [#Zn0]smin for both the concentration (closed
squares, bold line) and the surfactant (closed circles, dashed line)
series. As in the case of the concentration series, k; increases as a
function of increasing [4#Zn0)]s min for growth using AA, TCAA, and

TBAA. The dashed line is parallel to the bold line, which represents
the least-squares fit to the concentration series. The overall
differences in these two datasets is attributable to experimental
differences most importantly the differences in water concentra-
tion (2.3 mM H,O0 in the surfactant series and 6.3 mM H,O for the
concentration series at 1 mM Zn?"), overall surfactant concentra-
tion (2mM for the concentration series and 0.3474 mM for the
surfactant series), and the particle sizes at t=5min (sizes
were approximately 1nm smaller for the concentration series
than for the surfactant series). In fact, a drop in the rate of growth
by OA for larger particles is consistent with previous results,
which showed an order of magnitude decrease in the second-
order rate constant for oriented aggregation for a 1 nm increase
in iron oxide nanoparticle size in the 3-7 nm size range [29]. Thus,
we conclude that the effect of using AA and the trihaloacetates
TCAA and TBAA follows the trend of increasing OA% with
increasing [#Zn0]s min.

The rate constant for growth by OA% with TFAA, on the other
hand, falls far below the dashed line (Fig. 9), which represents the
expected relationship between k; and [#ZnO]smin,. Thus, we
conclude that TFAA strongly inhibits nanoparticle growth by OA,
a conclusion that is also supported by HRTEM results (Table 2).
Overall, there are two plausible possibilities for why adsorption of
TFAA might inhibit growth by OA%. The first is the possibility of a
difference in the strength of binding of the surfactant molecules to
the ZnO surface, since those molecules must be removed from the
interface between two primary ZnO nanoparticles in order for the
oriented aggregate to form. The second possibility is suppression
of particle-particle interactions. The adsorption of the TFAA
molecules is expected to produce a shell of negative charge
around the ZnO nanoparticle as a consequence of the high
electronegativity of the fluorine atom. Such a negatively charged
shell would be expected to decrease particle-particle interactions
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by way of electrostatic repulsion, which would inhibit growth
by OA.

The dependence of logk; on particle size at constant
concentration shows that as particle size decreases logk,
increases. This agrees with previous work that shows increasing
OA rate as size decreases [29]. The black lines in Fig. 10 contain
values for log k; that were determined from growth reactions
using 1 mM of zinc precursor. When the zinc precursor concen-
tration increases, logk; increases even as particle size increases,
contrary to the expected trend. We conclude that the effect of the
increased number concentration of ZnO nanoparticles has a much
stronger effect than does the changing particle size for these
conditions. Overall, these results show that modifying solution
conditions can be used to increase OA, even at larger particle sizes,

which could be useful when engineering specialized nanostruc-
tures composed of specific sized primary building blocks.

4. Conclusions

Zinc oxide particle growth has been shown to be affected by
both zinc precursor concentration and surfactant. Particle growth
as a function of zinc concentration was shown to increase growth
by coarsening due to the variation in saturation rate when using
different concentrations of zinc acetate but maintaining the
Zn:OH molar ratio. Growth by OA was also shown to increase
as a function of zinc concentration as a consequence of
higher particle concentration, which leads more particle-particle
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Table 2
HRTEM results for ZnO particle growth as a function of trihalo acetic acid
surfactants

Surfactant Time (min) Min. estimate OA% Max. estimate OA%
TBAA 15 8.4 15.4
TBAA 120 7.9 15.0
TCAA 15 8.6 14.6
TCAA 120 7.7 13.7
TFAA 15 1.0 21
TFAA 120 14 29
AA 15 1.7 34
AA 120 2.0 3.6

interactions, and, hence increased growth by OA. When trihaloa-
cetates are used during ZnO nanoparticle growth, a similar
relationship between the rate of growth by OA and the number
concentration of ZnO nanoparticles was observed as for the
experiments varying the Zn?* concentration while maintaining
the molar ratios of the reagents (i.e., hydroxide and Zn?*). The case
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of growth with TFAA was the exception, for which substantial
inhibition of growth by OA was observed. Because the coarsening
growth rate constant did not exhibit a similar decrease in
magnitude, we conclude that the strength of TFAA binding to
the ZnO nanoparticle surface is similar as for acetate. However,
adsorption of the TFAA molecule, with the increased electro-
negativity of the fluorine atom, is expected to result in the
formation of a negatively charged shell on the ZnO nanoparticles,
which would suppress particle-particle interactions by way of
electrostatic repulsions and, hence, suppress growth by OA.
Overall, results show that primary route by which growth by OA
can be enhanced is by increasing the number concentration of
ZnO nanoparticles at the early stages of growth, which can be
accomplished by simply increasing the precursor concentrations.

Furthermore, growth by OA can be inhibited by employing an
appropriate surfactant, such as trifluoroacetate, as used in this
work.
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